Exposure to infectious agents during early postnatal life often alters glucocorticoid responses to stress and immune outcomes in adulthood. The authors examined whether neonatal infection results in memory impairments in adult animals. Rats infected with Escherichia coli (E. coli) as neonates displayed impaired memory for a recently explored context in adulthood. This impairment, however, was only observed in rats that received a peripheral immune challenge (lipopolysaccharide; LPS) immediately following context exposure. Adult rats treated neonatally with E. coli also had decreased hippocampal astrocytes compared with phosphate-buffered saline-treated rats, but displayed increased astrocyte reactivity in the hippocampus and decreased brain interleukin-1␤ following lipopolysaccharide. Infection during development appears to alter glia within the hippocampus, which may contribute to altered cytokine responses and memory impairment.
Events occurring within the intrauterine or perinatal environment often have significant consequences for the development and function of physiological systems throughout the life span. Early exposure to infectious agents or environmental stressors may influence reactivity to stress, immune regulation, and susceptibility to disease later in life. For instance, neonatal exposure to bacterial products (e.g., lipopolysaccharide; LPS) increases hypothalamicpituitary-adrenal (HPA) responses to stress, decreases natural killer (NK) cell activity and impairs tumor immunity, decreases susceptibility to inflammation, and attenuates fever in response to a subsequent challenge in adult rats (Boisse, Mouihate, Ellis, & Pittman, 2004; Hodgson, Knott, & Walker, 2001; Shanks et al., 2000) .
Few studies have examined, however, whether infection during the neonatal period alters cognitive functions such as learning and memory in adulthood. Cytokines (e.g., interleukin [IL]-1) released in the course of an immune response may have significant influences on the brain and the substrates underlying cognitive processes, including memory. For instance, IL-1␤ is synthesized by neuronal and glial cells of the central nervous system (CNS), and is released in response to stressors, peripheral infection, or injury Murray & Lynch, 1998; . IL-1 receptors are distributed throughout the brain, with the highest density in the hippocampus (E. T. Cunningham & De Souza, 1993; Schneider et al., 1998) . For this reason, the hippocampus is thought to be particularly vulnerable to immune-related alterations that may in turn lead to memory impairments (Lynch et al., 2004; Morrison & Hof, 1997) . Hippocampal long-term potentiation (LTP) is essential for the formation of many forms of memory (Abraham & Williams, 2003) , and exogenously applied IL-1␤ inhibits LTP in vitro within major hippocampal pathways (Cunningham, Murray, O'Neill, Lynch, & O'Connor, 1996; Katsuki et al., 1990) . Peripheral immune activation with agents such as LPS increases IL-1␤ protein within the hippocampus (Nguyen et al., 1998) , and peripheral LPS interferes with LTP (Vereker, Campbell, Roche, McEntee, & Lynch, 2000) , with this effect depending on hippocampal IL-1␤ (Vereker et al., 2000) . Analogously, rats injected with IL-1␤ directly into the dorsal hippocampus display memory impairments Pugh et al., 1999) , as do rats that receive other treatments that induce hippocampal IL-1␤ (Pugh, Fleshner, Watkins, Maier, & Rudy, 2001; Pugh et al., 1998) .
The goal of the current study was to examine whether neonatal infection results in memory impairments in adult rats. Neonatal bacterial infection may induce long-term alterations in cytokine responses to peripheral infection in adulthood, perhaps via changes in astroglial morphology or function within the hippocampus that could ultimately affect memory processing in the adult. We considered two possible ways this reorganization might exert an effect: (a) It could directly influence the neural pathways supporting memory, or (b) it could alter how the adult animal responds to a subsequent immune challenge, and this altered immune reaction itself could influence the processes that store the memory.
To address these possibilities, we conducted two experiments. In the first, rats were given a peripheral Escherichia coli (E. coli) infection on Postnatal Day (PND) 4 and tested for memory in adulthood. In the second experiment, rats were given an E. coli infection on PND 4, and then were administered an immune challenge (peripheral LPS) immediately following the learning experience in adulthood. If neonatal infection directly alters the processes that store the memory, then in both experiments rats treated with E. coli should display a memory impairment. However, if neonatal infection alters the response to an immune challenge in adult animals, then one might expect that only rats in the second experiment would show a memory impairment.
To evaluate the effect of neonatal infection on memory, we used a modified version of contextual fear conditioning known as the context preexposure facilitation effect (CPFE; Fanselow, 1990; Rudy, Huff, Matus-Amat, 2004) . This paradigm assesses the rat's memory for a recently explored context. The CPFE derives from a set of observations made by Fanselow (1990) . He found that if a rat is placed into a context and shocked immediately, it will later display almost no fear of that context. However, if it is preexposed to the context the day before, immediate shock will then produce substantial freezing (Fanselow, 1990; Rudy & O'Reilly, 2001; Westbrook, Good, & Kiernan, 1994) . According to Fanselow (1990) , the reason immediate shock fails to support conditioning is that under those circumstances the rat would not have time to encode a representation of the context prior to the shock. Thus, there would not be a contextual representation with which the shock could be associated. Preexposure was argued to facilitate the amount of conditioning produced by the immediate shock because it allows the rat to have established a memory of the context before the immediate shock. This memory is then retrieved prior to the immediate shock by a subset of features that make up the context (Fanselow, 1990) or by cues associated with transporting the rat to the conditioning chamber (Rudy & O'Reilly, 2001) . It is this retrieved memory representation of the context that is associated with the immediate shock (see Rudy, Barrientos, & O'Reilly, 2002; Rudy & O'Reilly, 2001 ). The CPFE was chosen because each stage of the procedure has been shown to depend on the hippocampus Matus-Amat, Higgins, Barrientos, & Rudy, 2004; Rudy et al., 2002) .
In addition to examining the effect of the combined neonatal E. coli and LPS on memory, we also examined the effect of these treatments on central IL-1␤ and glial activation, as well as peripheral IL-1␤, IL-6, tumor necrosis factor (TNF)␣, and corticosterone responses. As discussed previously, research indicates an important role for IL-1␤ in memory (Pugh et al., 2001) , and within the periphery, IL-1␤ works in concert with IL-6 and TNF␣ to induce the set of physiological and behavioral changes that occur in response to infectious stimuli (Bendtzen, 1988) . The overall design of our experiments is shown in Figure 1 .
Method

Subjects
Adult male and female Sprague-Dawley rats (70 days of age) were obtained from Harlan (Indianapolis, IN) and housed in same-sex pairs in polypropylene cages with ad-lib access to food and water. The colony was maintained at 22°C on a 12-hr light-dark cycle (lights on at 0600). Following at least 1 week of acclimation to experimental conditions, males and females were divided into breeding pairs. All experiments were conducted with protocols approved by the University of Colorado Animal Care and Use Committee. Sentinel rats were housed in the colony room and screened periodically for the presence of common rodent diseases arising from parasitic, viral, bacterial, and fungal origins. All screens during the course of the experiment were negative.
Neonatal Manipulations
Females were visually examined daily for confirmation of pregnancy (i.e., distended belly, ϳGestational Day 18), and males were removed prior to the birth of pups. Cages were examined daily thereafter for the presence of pups, and the date of birth was designated as PND 0. All female pups were culled on PND 4. We did not examine females because of the large number of males). Males were raised in same-sex litters because of the possibility that mothers may reject E. coli-treated males within a litter because they are sickly in comparison to untreated females (in the case that they were raised together).
Bacterial culture. E. coli culture (ATCC 15746; American Type Culture Collection, Veterans Affairs, Manassas, VA) vial contents were hydrated and grown overnight in 30 ml of brain-heart infusion (BHI; Difco Labs, Detroit, MI) at 37°C. Cultures were then divided into aliquots in 1-mL stock vials supplemented with 10% glycerol and frozen at Ϫ70°C. One day before injections, stock cultures were thawed and incubated overnight (at least 19 hr) in 40 ml BHI at 37°C. The number of bacteria in cultures was quantified by extrapolating from previously determined growth curves. Cultures were then centrifuged for 15 min at 3,000 rpm, the supernatants were discarded, and the bacteria were resuspended in the dose-appropriate volume of sterile Dulbecco's phosphate-buffered saline (PBS; Invitrogen Corp., Carlsbad, CA).
Injections. Male pups were injected subcutaneously on PND 4 with either 1.0 ϫ 10 4 colony-forming units of E. coli suspended in 0.1 ml PBS, or an equal volume of PBS. PND 4 was chosen on the basis of previous literature in which a similar model of neonatal infection was used (Hodgson et al., 2001; Shanks et al., 2000) , and it represents a time relatively comparable to the third trimester in humans, during which significant brain growth occurs (Dobbing & Sands, 1979; Rodier, 1980) . Furthermore, during this period, neonate rats exhibit a corticosterone response to endotoxin (Witek-Janusek, 1988; Walker, March, & Hodgson, 2004 ), in contrast to stressors (Schapiro, 1962) , providing us with an ideal model in which to investigate the potential impact of infectious agent exposure on brain development somewhat independent from the effects of "stress."
All pups were removed from the mother at the same time and placed into a clean cage with bedding, injected individually, and returned to the mother as a group. Elapsed time away from the mother was less than 5 min. A replicating but nonlethal strain of E. coli was used in order to avoid the multiple injections required with LPS (Hodgson & Knott, 2002; Shanks et al., 2000) . All pups from a single litter received the same treatment because of concerns over possible cross-contamination from E. coli. All injections were given between 1400 and 1600. Pups were weaned at 21 days of age and housed in sibling groups of 2-4. Pups were weighed on PND 16, PND 21, and PND 60. Behavioral testing of pups began at 60 days of age. All male pups from a given litter were used, and a minimum of 7 rats per group per treatment were assessed. Pups from a minimum of four litters per treatment group were used for each behavioral or physiological assessment. An additional two litters of pups were included in behavioral tests as noninjected controls.
Behavioral Procedures
The conditioning context consisted of one of two identical Igloo ice chests (54 cm long ϫ 30 cm wide ϫ 27 cm high) with white interiors. An activated 24-V DC light bulb (14.14 lux) was mounted on the ceiling of each chest. A clear plastic window (30 cm long ϫ 18 cm wide) was cut into the door of the chest so that the rats could be observed. The conditioning chambers (26 cm long ϫ 21 cm wide ϫ 24 cm high), placed inside each chest, were made of clear plastic and had window screen tops. The 2-s, 1.5-mA shock was delivered through a removable floor of stainless steel rods (Model E63-23-MOD001; Coulbourn Instruments, Allentown, PA). Each rod was 0.5 cm in diameter, spaced 1.75 cm center to center, and was wired to a shock generator and scrambler (Coulbourn Model H13-16). The chamber was cleaned with water before each rat was placed inside.
Experiment 1
Context preexposure. On Day 1, rats were transported two at a time in a lidded, black ice bucket to the experimental testing room, where they were placed into the conditioning context and allowed to freely explore for several minutes. They were then transported back to their home cage, where they remained approximately 40 s before the next preexposure. This procedure was repeated six times. Rats remained in the novel context for 5 min on the first exposure and for 40 s on the five subsequent exposures. The rats were transported in the black bucket throughout the experiment.
Immediate shock. Twenty-four hours following context preexposure, each rat was taken individually from the home cage and transported in the black bucket to the conditioning context. There, they received a single 2-s shock immediately after being placed in the context. They were quickly removed from the chamber and transported back to their home cage.
Testing. Contextual fear was assessed 24 hr following immediate shock by placement of the rat in the conditioning context for 6 min. Each rat was observed and judged as either freezing or active every 10 s, at the instant the sample was taken. Freezing represents rats' dominant defensive fear response and is characterized by an immediate suppression of behavior accompanied by immobility, shallow breathing, and a variety of other autonomic changes, including an increase in heart rate and pilo-erection. Freezing in these experiments is defined as the absence of all visible movement, except for respiration. Scoring by an experimentally naive observer began approximately 10 s after the rat was placed into the chamber. All behavioral manipulations occurred between 0900 and 1200.
Experiment 2
A separate group of rats was preexposed to the context as described above in Experiment 1. Rats then received 0.1 ml intraperitoneal injections of 25 g/kg LPS (Serotype 0111:B4, Lot 072K4096, Sigma Chemicals, St. Louis, MO) suspended in sterile saline immediately following the last exposure to the context and were returned to their home cages. Immediate shock and testing were conducted on Days 2 and 3 as described above.
Serum and Tissue Collection
One week following the conclusion of behavioral experiments, a subset of rats from Experiment 1 (2-3 per litter) received either 0.1 ml intraperitoneal injections of 25 g/kg LPS suspended in sterile saline or an equal volume of saline. Two hours later, rats were anesthetized with sodium pentobarbital (Abbott Laboratories, Chicago) and transcardially perfused with cold saline for 1 min. Blood samples were drawn by means of cardiac puncture just prior to perfusion for the later assessment of circulating cytokines, endotoxin, and corticosterone concentrations. The pituitary, brain, and lumbosacral spinal cord were quickly removed after decapitation. Brains were cut into two hemispheres along the sagittal plane; one hemisphere was rapidly frozen by immersion in isopentane, wrapped in foil, and stored at Ϫ70°C until cryostat sectioning for histological analysis of glial markers. The remaining hemisphere was immediately dissected into prefrontal cortex, hypothalamus, hippocampus, and posterior cortex on an ice-chilled plate. The dorsal spinal cord was dissected, and one half was retained for analysis. All tissue sections were placed in microcentrifuge tubes and snap-frozen in liquid nitrogen. Tissues were stored at Ϫ70°C until processing for cytokine levels. Brain hemispheres collected for assessment of cytokines versus glia were alternated between rats and distributed equally across groups. Blood was centrifuged at 10,000 rpm at 4°C for 10 min, and supernatant was removed and stored in microcentrifuge tubes at Ϫ20°C until it was assayed.
Tissue sonication. Each dissected tissue sample was added to 0.25-1.0 ml of cold Iscove's culture medium containing 5% fetal calf serum and a cocktail enzyme inhibitor (in millimolars: 100 amino-n-caproic acid, 10 EDTA, 5 benzamidine-HCl, and 0.2 phenylmethylsulfonyl fluoride). Total protein was mechanically dissociated from tissue with an ultrasonic cell disruptor (Heat Systems, Farmingdale, NY). Sonication consists of 6 -10 s of cell disruption at setting 10. Sonicated samples were centrifuged at 14,000 rpm at 4°C for 10 min. Supernatant was removed and stored at 4°C until enzyme-linked immunosorbent assays (ELISAs) were performed. Cytokine assessment. IL-1␤ was measured in each brain region and spinal cord with a commercially available ELISA kit for rat IL-1␤ (R&D Systems, Minneapolis, MN). IL-1␤, IL-6, and TNF␣ were measured in serum with commercially available ELISA kits (R&D Systems). The ELISAs were run according to the manufacturer's instructions. In order to adjust for variability in tissue sample sizes, total protein concentrations were determined by Coomassie Brilliant Blue AG-250 protein assay (Bradford, 1976) . Cytokine data are expressed as picograms per 100 g of total protein.
Serum endotoxin assessment. Serum levels of endotoxin were determined with an enzymatic assay, according to the procedure outlined by Bio-Whittaker (Walkersville, MD). The detection limit of the assay is 0.02 EU/ml. Serum was diluted 1:20.
Radioimmunoassay (RIA) procedures. Total serum corticosterone concentrations were assessed in a single assay by means of an in-house RIA procedure. Samples (20 l) were diluted in 0.01M PBS (1 ml) and then heated for 1 hr in a 70°C water bath in order to inactivate corticosteroid binding globulin. Samples and corticosterone standards (25-2000 pg per tube) were incubated overnight with rabbit antiserum raised against corticosterone-21-hemisuccinate bovine serum albumin (B3-163; Endocrine Sciences, Tarzana, CA) and 3H-corticosterone (50 Ci/mmol; 10,000 c.p.m./tube; Amersham, Bucks, United Kingdom). Antibody-bound steroid was separated from free steroid by mixing with dextran-coated activated charcoal in 0.01 M PBS and centrifugation. Supernatant radioactivity was determined by a liquid scintillation analyzer (1600TR; Packard Instruments, Downers Grove, IL). The intra-assay coefficient of variability was 17%, and the detection limit was 0.5 g/ml for a 20-l sample.
Glial activation assessment. Eight brains per neonatal group in each treatment group (LPS vs. saline), randomly selected, were analyzed for astrocyte activation by means of glial fibrillary acidic protein (GFAP) staining. Sections were cut through the hippocampus (10 m; approx. Ϫ2.5 mm through Ϫ6.04 mm from bregma) on a Leica cryostat, thaw-mounted onto gelatin-coated slides, and stored at Ϫ70°C until they were processed. Sections were fixed in buffered 4% paraformaldehyde for 15 min, washed with phosphate-buffered saline (PBS), and incubated for 15 min in PBS with peroxide-sodium azide in order to quench endogenous peroxidase activity. Sections were washed with PBS and incubated with primary antibody (mouse anti-GFAP, 1:500; ICN Biomedicals, Aurora, OH) overnight at 4°C. On Day 2, sections were washed with PBS and incubated with a biotinylated secondary antibody (goat anti-mouse immunoglobulin G, 1:200; Jackson ImmunoResearch Labs, West Grove, PA) for 2 hr at room temperature. Sections were washed with PBS, and immunostaining was identified by the streptavidin-horseradish peroxidase technique (Vectastain ABC kit; Vector Labs, Burlingame, CA) with diaminobenzidine (DAB) as the chromagen. Sections were dehydrated and coverslipped with Permount (Fisher Scientific, Pittsburgh, PA).
GFAP quantification. Quantification of GFAP-positive cells was achieved from digitized images of tissue sections (40ϫ) using NIH Image software (Rasband, 1996) . Sections were captured and digitized with an Olympus BX-61 light microscope and digital camera on a Dell 8100 computer running MagnaFire 1.5. Signal pixels of a region of interest were defined as having a gray value of three standard deviations above the mean gray value of a cell-poor area close to the region of interest. The number of pixels and the average gray values above the set background were then computed for each region of interest and multiplied, giving an integrated density measurement. An average of one to three measurements (depending on the size of the region) were made for each of 12 different sections per rat for each region of interest (CA1, dentate gyrus [DG] , and CA3 of hippocampus). All values across each region were averaged to obtain a single integrated density value per region for each rat.
Data Analyses and Statistics
In order to account for possible litter effects, all data were averaged across litters and litter means were then analyzed as follows: Body mass data were compared between groups for each time point with unpaired, two-tailed t tests. Freezing in the CPFE experiments was analyzed with a one-way between-subjects analysis of variance (Experiment 1) or an unpaired, two-tailed t test (Experiment 2). Cytokine concentrations were analyzed between groups for each tissue with mixed two-way analyses of variance (Group x Treatment). Because cytokines were virtually undetectable in all tissues following saline injections, all LPS data were reanalyzed between groups with two-tailed t tests. Corticosterone concentrations were analyzed with a mixed two-way analysis of variance (Group x Treatment). GFAP staining was compared between neonatal groups for each treatment (saline vs. LPS), and between treatments for each neonatal group, across all regions of the hippocampus (CA1, DG, and CA3) by means of repeated measures analyses of variance. Following a significant F score, post hoc tests (Fisher's protected least significant difference) were performed to further distinguish among groups, and all differences were considered statistically significant if p Ͻ .05. All comparisons were planned and did not require a family-wise error correction (Keppel, 1991) .
Results
Body Mass
Rats treated neonatally with E. coli weighed significantly less than PBS-treated rats on PND 16, t(22) ϭ Ϫ5.2, p Ͻ .05. There were no significant differences between groups on Day 21 or Day 60 ( p Ͼ .05 for both; see Figure 2 ; means in all figures reflect individual, not litter, group means). Figure 3A shows the results of Experiment 1, in which rats given a neonatal infection with E. coli were compared with rats that received PBS or no injection during the neonatal period. There were no differences among groups ( p Ͼ .05). Rats that received PBS as neonates did not differ from those receiving no injection; thus, noninjected control rats were not included in subsequent tests. Figure 3B shows the results of Experiment 2, in which rats treated with E. coli or PBS as neonates received an injection of LPS immediately following the last context exposure. Rats infected with E. coli as neonates displayed marked reduced freezing compared to rats treated with PBS, t(11) ϭ Ϫ4.53, p Ͻ .05.
Fear Conditioning
Cytokines
Whether E. coli or PBS was administered neonatally, adult cytokine concentrations were virtually undetectable in the brain, spinal cord, and serum following saline injections. In LPS-injected rats, however, IL-1␤ concentrations were significantly lower in hypothalamus, t(6) ϭ Ϫ2.26, p Ͻ .05; pituitary, t(6) ϭ Ϫ5.3, p Ͻ .05; and dorsal spinal cord, t(6) ϭ Ϫ4.7, p Ͻ .05, in rats treated neonatally with E. coli compared to PBS (see Figure 4) . Concentrations of IL-1␤ did not significantly differ between groups in hippocampus, prefrontal cortex, or parietal cortex ( p Ͼ .05 for all). Concentrations of IL-1␤, IL-6, and TNF␣ in serum did not significantly differ between groups ( p Ͼ .05 for all; see Figure 5 ). Similarly, mean endotoxin units in serum did not significantly differ between groups ( p Ͼ .05 for all).
Corticosterone
LPS injections significantly increased concentrations of corticosterone in both groups of rats compared to saline, F(1, 12) ϭ 28.18, p Ͻ .05. Corticosterone concentrations did not differ between neonatal groups following either saline or LPS ( p Ͼ .05; see Figure 6 ). 
Glial Activation
Following saline injections, repeated measures indicate there was significantly less GFAP-positive staining in the whole hippocampus of rats treated neonatally with E. coli compared with PBS-treated controls, F(1, 12) ϭ 25.36, p Ͻ .05 (see Figure 7) . Post hoc tests reveal significant group differences in DG (see Figure 8 ) and CA3 ( p Ͻ .05 for both), but not in CA1. In contrast, there were no significant differences in GFAP-positive staining between neonatal groups following injections of LPS as adults ( p Ͼ .05). Repeated measures indicate that LPS injections induced a significant increase in GFAP-positive staining compared to saline in rats treated neonatally with E. coli, F(1, 12) ϭ 20.48, p Ͻ .05, but not in rats treated neonatally with PBS ( p Ͼ .05). Post hoc tests reveal significant group differences in CA3 ( p Ͻ .05), but not in CA1 or DG ( p Ͼ .05 for both).
Discussion
We report that adult rats that received either a peripheral infection with replicating E. coli or PBS on PND 4 displayed normal memory for an explored context. However, memory for context was impaired in adult rats treated neonatally with E. coli if LPS was administered immediately following exposure to the context. IL-1␤ concentrations were lower 2 hr following a peripheral LPS injection in hypothalamus, pituitary, and spinal cord in adult rats treated neonatally with E. coli compared to PBS-treated rats. No differences in hippocampus or cortex were observed, and no differences in cytokines or endotoxin were detected in serum between groups. Rats treated neonatally with E. coli had decreased GFAPpositive staining, a marker for astrocytes, in the hippocampus following saline injections compared to PBS-treated rats. However, GFAP-positive staining significantly increased in the hippocampus of E. coli-treated rats in response to LPS, whereas no significant increase was observed in controls. Neonatal E. coli did not differentially influence the adult corticosterone response to saline or LPS. Finally, E. coli treatment significantly delayed the growth rate in pups, as evidenced by decreased body mass on Day 16 compared to PBS-treated pups; however, this difference was resolved by weaning on Day 21 and did not persist into adulthood.
Memory Impairment
The principle finding was that neonatal E. coli infection impaired memory only in adult rats that were injected with LPS immediately following context exposure. Impairment was not observed in nonchallenged rats. Thus, these results are consistent with the hypothesis that neonatal infection alters the response to a subsequent immune challenge in adult animals, and this altered immune reaction influences the posttraining consolidation processes that store memory.
The existing literature suggests that increased IL-1␤ levels in the brain, and hippocampus in particular, disrupt the consolidation of memories following a learning experience. For example, rats injected with IL-1␤ either intracerebroventricularly or directly into the dorsal hippocampus immediately following contextual conditioning or preexposure to the context, respectively, display memory impairments for that context on a later test day Pugh et al., 1999) . Similarly, memory in the spatial version of the Morris water maze task is disrupted by peripheral IL-1␤ treatment (Gibertini, Newton, Friedman, & Klein, 1995; Oitzl, van Oers, Schobitz, & de Kloet, 1993) . Given the existing literature, one would expect increased, rather than decreased, concentrations of IL-1␤, specifically within the hippocampus, to impair memory of rats in the present study. However, this was not the case, as E. coli-injected rats exhibited a memory impairment following LPS injections, along with reduced concentrations of IL-1␤ in the brain. This dampened IL-1␤ response, however, was restricted to regions of the brain that are not normally thought to be important for memory storage. No group differences in IL-1␤ levels were observed in the hippocampus, or prefrontal or parietal regions of cortex, areas that have been implicated in memory functions.
It is difficult to interpret these results. The hippocampus, for example, is a heterogeneous structure with distinct cell populations (i.e., CA1, CA3, DG), and any group differences may have been masked as a consequence of the ELISA technique that requires homogenization of the entire structure. It is also possible that the time course of LPS-induced IL-1␤ production within the brains of adult rats differed between neonatal groups. We measured IL-1␤ concentrations at a single time point (2 hr) and may have missed peak concentrations in one or both groups. Consistent with this possibility, Walker, Tape, and Hodgson (2004) have reported that adult rats treated prenatally with LPS exhibit a significantly delayed peak IL-1␤ response to LPS in adulthood compared to control rats.
Another possibility is that the mechanisms underlying the memory impairment produced by LPS in neonatally infected rats are different from those that were responsible in the previously reported effects (see Pugh et al., 2001) . For example, impaired IL-1␤ signaling, induced through either receptor antagonists or genetic knock-outs, is associated with memory impairments (Avital et al., 2003; Yirmiya, Winocur, & Goshen, 2002) . Furthermore, IL-1␤ is induced following LTP induction in the hippocampus, and is required for its maintenance (Schneider et al., 1998) . These discrepancies may be explained by differences in dose, and suggest an inverted U-shape of optimal IL-1␤ concentrations and memory (Yirmiya et al., 2002) . IL-1␤ appears to be required for normal memory processes, and any alterations in IL-1␤ signaling, such as may occur as a result of infection during development, likely have significant consequences for these processes throughout life.
Alterations of Astroglial Architecture in the Hippocampus
Our data also suggest that basic astroglial architecture in the hippocampus is altered by neonatal E. coli infection. Astrocytes provide nutritional, structural, and homeostatic support to neurons, and play a vital role in the CNS response to injury or infection as a major source of proinflammatory cytokines (Kopnisky, Sumners, & Chandler, 1997) . Astrocytes play an important role in determin- ing the number and connectivity of neuronal synapses within the CNS during development, particularly during the first postnatal week (Ullian, Sapperstein, Christopherson, & Barres, 2001 ). Thus, they may be involved in the development of neural plasticity underlying learning and memory.
GFAP-positive staining, a marker specific for astrocytes, was significantly reduced in E. coli-treated rats compared to PBStreated rats within the DG and CA3 regions of the hippocampus following saline injections as adults. This difference was observed at baseline, in saline-injected rats, and therefore is likely the result of events occurring on PND 4 that persisted into adulthood. The hippocampus and its projections develop their final structure during the first postnatal weeks and are extremely sensitive to neurochemical signals such as cytokines or hormones at this time (Milner, Loy, & Amaral, 1983; Roskoden, Otten, & Schwegler, 2004) . Remarkably, no differences in freezing behavior occurred until LPS was administered. Notably, LPS injections induced a significant increase in GFAP expression compared to saline only in rats treated neonatally with E. coli. Thus, despite initial decreased expression under basal conditions, astrocytes appear to be more sensitive and/or reactive to inflammatory stimuli in rats treated neonatally with E. coli compared to PBS-treated rats. Peripheral LPS given in sufficient doses induces an increase in astrocyte activity within the brain in normal rats (Gautron, Lafon, Chaigniau, Tramu, & Laye, 2002) . However, we administered a relatively low, threshold dose of LPS (10-fold lower) in an attempt to dissociate subtle differences between groups in the response to a mild immune challenge. We suggest that neonatal infection may induce long-term changes in the state of activation of glia in the brain, such that the response to a subsequent inflammatory signal is altered. Any alteration in glial reactivity during the neonatal period may then have significant consequences for the time course or amplitude of cytokine production in adulthood.
Summary
Several studies have characterized the effect of neonatal endotoxin exposure on the peripheral immune system and HPA axis (Boisse, Mouihate, Ellis, & Pittman, 2004; Granger, Hood, Ikeda, Reed, & Block, 1996; Hodgson & Knott, 2002; Hodgson et al., 2001; Shanks et al., 2000; Tape, Walker, Mears, Hume, & Hodgson, 2004) . Each of these studies describes a permanent reorganization of physiological systems as a consequence of an isolated inflammatory event occurring early in life. This phenomenon has been termed perinatal programming (Barker, Gluckman, & Robinson, 1995) . We have extended these findings to IL-1␤ and astrocyte changes within the brain in response to a peripheral immune challenge. We observed no differences in cytokine or endotoxin levels in the serum, suggesting that neonatal-induced changes were specific to the CNS and were not simply a result of altered LPS clearance in the periphery.
Taken together, these data suggest that neonatal infection facilitated the ability of a subsequent immune challenge in adulthood to interfere with memory consolidation. Alterations in glial architecture within the hippocampus occurring early in life in response to infection may play a role in altered cytokine production and memory disruption in adulthood. These are hypotheses that warrant further investigation. Immune response events occurring during neonatal infection appear to induce long-term changes within the brain that may require the utilization of sensitive behavioral measures in order to elucidate them. An understanding of the mechanisms underlying neonatal infection-induced memory disruption may have implications for a variety of neuropsychiatric and neurodegenerative diseases with known or suspected perinatal origins.
